BCL6 encodes a transcriptional repressor that is essential for the germinal center (GC) reaction and important in lymphomagenesis. Although its promoter has been well studied, little is known concerning its possible regulation by more distal elements. To gain such information, we mapped critical histone modifications associated with active transcription within BCL6 as well as far upstream sequences at nucleosomal resolution in B-cell lines and in normal naive and GC B cells. Promoter-associated and intronic CpG islands (CGIs) in BCL6 showed a reciprocal pattern of histone modifications. Gene expression correlated with a paradoxical loss from the intronic CGI of histone H3 lysine-4 trimethylation, normally associated with transcription, suggesting that the intronic CGI may interfere with transcription. In an ∼110-kb region extending 150-260 kb upstream of BCL6, highly active histone modifications were present only in normal GC B cells and a GC B-cell line; this region overlaps with an alternative breakpoint region for chromosomal translocations and contains a GC-specific noncoding RNA gene. By chromosome conformation capture, we determined that the BCL6 promoter interacts with this distant upstream region. It is likely that transcriptional enhancers in this region activate BCL6 and overcome strong autorepression in GC B cells.
I
n lymphoma, aberrations affecting master regulatory transcription factors (TFs) block differentiation and contribute to tumor development (1, 2) . An especially important stage of Bcell differentiation occurs in germinal centers (GCs), which are transient structures required for production of high-affinity antibodies. Cells enter the GC reaction as centroblasts and undergo somatic hypermutation of their Ig genes, which may increase or decrease affinity for antigen. After a burst of rapid proliferation, they exit the cell cycle as centrocytes, with four possible fates that depend in part upon affinity for antigen: death, further proliferation as centroblasts, differentiation into memory B cells, or differentiation into long-lived plasma cells that provide persistent humoral immunity (3) .
BCL6, a transcriptional repressor, is centrally involved in these developmental decisions and is essential for the GC reaction (4) . Naive B cells express moderate levels of BCL6 mRNA but little protein due to posttranscriptional mechanisms (2) . Upon entry of antigen-activated B cells into the GC reaction, BCL6 mRNA and protein are rapidly induced, as transcription is increased and posttranscriptional inhibition is abrogated. Aberrant expression of BCL6 in GC B-cell lymphomas blocks differentiation at the centroblast stage. Aberrant expression may result from mutation of autorepressive sites in the promoter (5) or translocations at a major breakpoint region (MBR) in the first intron that remove autorepressive sites and substitute a heterologous promoter (6) ; however, breaks can occur at an "alternative breakpoint region" (ABR), located 245-285 kb upstream of the BCL6 transcription start site (TSS) (7) . Because the selective advantage of these ABR translocations is almost certainly through dysregulated BCL6 transcription, the occurrence of ABR translocations strongly suggests that BCL6 transcription can be stimulated by sequences hundreds of kilobases from the gene and that distant regions might also exert such effects on the BCL6 promoter in normal cells.
To explore the possible existence of such distal regulatory elements, we used chromatin immunoprecipitation and hybridization to a custom DNA chip (ChIP-on-chip) to analyze the chromatin structure of large regions surrounding BCL6 in normal B lymphocytes and in cell lines representing various stages of B-cell development.
Results

ChIP-on-Chip Shows Histone Modifications That Correlate With Gene
Expression. ChIP of native core nucleosomes prepared by micrococcal nuclease digestion was followed by ligation-mediated PCR and hybridization to a high-density custom array (NimbleGen) interrogating >100 genes (Table S1 ) chosen for their likely roles in B-cell differentiation. In addition to normal centroblasts and naive follicular B cells, we analyzed three cell lines at different stages of B-cell development: SU-DHL-16 (hereafter DHL16), a DLBCL line, has a GC B-cell gene expression profile. U266, a myeloma cell line, represents the plasmablast/plasma cell stage. Finally, CL01, an atypical Burkitt lymphoma cell line, resembles founder centroblasts, which differ minimally from naive B cells and lack most of the distinctive markers of full centroblasts (8) . We also compared our results to those of genome-wide highthroughput sequencing following ChIP (ChIP-Seq) on resting normal human CD4 + T cells (9) . We analyzed four histone posttranslational modifications (PTMs)-namely, histone H3 lysine-4 trimethylation (H3K4me3), found at promoters and CpG islands; H3K4me1 (monomethylation), found at enhancers and other regulatory regions or adjacent to regions of H3K4me3; H3K27me3, associated with repression by polycomb complexes; and histone H3 doubly acetylated at lysines 9 and 14 (H3Ac), found at promoters and enhancers.
Many of the examined genes show marked differences in histone PTMs among the samples analyzed. Because of space limitations, only a few genes are described here. Although emphasis is on BCL6, two other genes, IRF4 (Fig. 1A and Fig. S1 ) and PRDM1 (Fig. 1B) , with different patterns of expression are described to Author contributions: T.W.M. designed research; H.R., A.B., Y.S., and M.J. performed research; H.R., A.B., A.R., W.C.C., and T.W.M. analyzed data; and T.W.M. wrote the paper.
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provide points of comparison. Other genes with stage-specific changes in histone PTMs include MYBL1 and cyclin D2 (CCND2) (Figs. S2 and S3), which are up-regulated and down-regulated in centroblasts, respectively.
PRDM1 and IRF4 have a pattern of expression reciprocal to that of BCL6, and both are essential for plasma cell development. The latter is activated by chromosomal translocations in some cases of multiple myeloma, a malignancy of plasma cells. The IRF4 promoter lies within a CpG island (CGI), and peaks of H3K4me3 and H3Ac (Fig. 1A and Fig. S1 ) are present within the CGI in all samples other than the centroblast cell line DHL16, in which the promoter has aberrant DNA methylation (Fig. S4) . The peak height of H3Ac correlates with the degree of IRF4 expression. Conversely, DHL16 and centroblasts show very prominent peaks of the repressive PTM H3K27me3, which is much less in naive B cells and essentially absent in CL01 and U266. H3K4me3 in resting CD4 + T cells shows very similar peak locations to those of naive B cells. A similar pattern of large peaks of H3K27me3 present only in normal centroblasts and in DHL16 cells is seen in the cyclin D2 gene, CCND2, a target of repression by BCL6 (Fig. S3) .
PRDM1 also shows histone PTMs that largely correlate with expression (Fig. 1B) . Strikingly, several downstream evolutionarily conserved regions have the H3K4me1 PTM in most samples, but only U266, with very high PRDM1 expression, also shows high levels of H3Ac and of pol II in these regions. This result strongly suggests that these regions are enhancers, which presumably contribute to PRDM1 expression, as their activity does not correlate with expression of the other neighboring gene, ATG5. BCL6 lies ∼400 kb from the closest upstream protein-encoding gene, lipoma preferred partner (LPP), identified by its involvement in a recurring translocation t(3;12) in lipomas (10) . Within this 400-kb interval are numerous highly conserved regions (Fig.  S5 ) that may represent regulatory sequences, such as enhancers. Gene expression profiling showed that not only BCL6 but also the neighboring gene LPP is part of the GC program (11) . "Deep sequencing" of the Ramos Burkitt lymphoma cell line identified a number of ncRNAs (12) including one upstream of BCL6 that is highly expressed, at a level higher than that of transcripts for such essential proteins as the ribosomal components RPS13, RPL10A, and RPS21. Analysis of expressed sequence tags showed that this transcript is spliced.
Large numbers of peaks were found for each of the analyzed histone PTMs in a 0.8-Mb region including BCL6, two downstream genes, somatostatin (SST) and RTP2, and part of LPP ( Fig. 2 and Fig. S6 ). The peaks for H3K4me3 and H3Ac are highly similar in location. A striking finding is the presence in normal centroblasts of numerous peaks of H3K4me3, H3K4me1, and H3Ac over broad regions lying between BCL6 and LPP, which are markedly reduced or absent in naive B cells. DHL16 shows a pattern similar to normal centroblasts, but with a broadening of the activating PTMs H3Ac and H3K4me3; that is, the histone modifications extend a greater distance from the peak centers than in normal centroblasts. H3K4me1 shows an even more marked pattern of broadening in DHL16 with almost continuous H3K4me1 over a ∼110-kb region upstream of the BCL6 promoter ( Fig. 2 and Fig. S7 ), overlapping the ABR. Thus, the GC program is associated with activation of large chromatin regions far upstream of BCL6.
Peaks of H3K27me3, associated with polycomb-mediated repression, are found downstream of BCL6 in normal cells and in all of the cell lines studied; in the two normal cell samples, the highest peaks are found at the promoter region of SST, which is silenced in B cells. Elsewhere, however, there is very little H3K27me3. In marked contrast to the cells that express BCL6, CL01 has lost H3Ac and H3K4me3 throughout the entire region, with retention only of several peaks of H3K4me1. H3K27me3 is found throughout the region. This finding suggests that aberrant epigenetic changes have affected the entire region, abrogating BCL6 transcription.
Because BCL6 is repressed in plasma cells and plasmablasts, we anticipated a loss of activating, and a gain of repressive, histone PTMs in U266 cells. Surprisingly, H3K4me3 and H3Ac in U266 cells are found adjacent to its promoter and in a large region of the first intron, superficially similar to the pattern in BCL6-expressing cells; this is described in more detail below. Except for the BCL6 and LPP promoters, little H3Ac is found in U266 cells. Several peaks of H3K4me1 and -3 are retained, and a few peaks (e.g., at 189.0 Mb) are either present only in U266 or are much higher in this sample. H3K27me3 peaks in U266 are seen both within BCL6 and upstream (Figs. 2 and 3) .
As expected, BCL6 and LPP expression was higher in normal centroblasts than in normal naive B cells and virtually absent from the myeloma cell line, U266 (Fig. 2) . In addition to encoding a multifunctional protein, LPP is the host gene for microRNAs miR-28-5p and -3p (which lie outside the analyzed region). As with LPP itself, expression of miR-28 is elevated in normal centroblasts, but in the GC B-cell lines analyzed, expression is relatively low. Although the data shown here do not include normal plasma cells, results from normal mouse plasma cells show that LPP, along with BCL6, is markedly down-regulated (13) . Using primers spanning its first intron, we also found that the ncRNA described above was present at much higher levels in centroblasts and DHL16 than in normal naive B cells or cell lines at different stages of B-cell differentiation (Fig. 2) .
H3K4me3 in the BCL6 Intronic CGI Inversely Correlates with Expression. Surprisingly, both BCL6-expressing and nonexpressing cells (except CL01) have a broad pattern of H3K4me3 in ∼6 kb of the BCL6 promoter region and first intron (Fig. 3) . Genome-wide ChIP-Seq in human resting CD4 + T cells and embryonic stem cells (ESCs) also showed H3K4me3 in this region (9, 14) . Using a low-stringency definition, two large CGIs are predicted in BCL6: one at the promoter and one within the first intron. Genome-wide analysis of cytosine methylation was recently reported for human ESCs and a fibroblast line, IMR90 (15) . Analysis of these data confirmed that the two CGIs were largely unmethylated in both cell types, whereas the neighboring regions were methylated (Fig. 3) . In a separate study, much of these two CGIs was examined in numerous tissues and found to be unmethylated in all (16) .
Both our data and the T-cell ChIP-Seq data show a pattern of H3K4me3 peaks in the first intron at ∼200 bp separation, consistent with positioned nucleosomes. Positions of wider spacings are found to be due to binding sites for CCCTC-binding factor (CTCF) in T cells, which shows four peaks of CTCF within the first intron (sites 2-5, Fig. 3 ), as well as peaks upstream and downstream of the gene (sites 1 and 6). We found CTCF binding by ChIP at the same sites in DHL16, CL01, and U266 cells (Fig. S8) , but with varying degrees of enrichment. Because cohesin is known to interact with CTCF, we also tested for binding of its subunit RAD21 (Fig. S8) and found enrichment at each of the sites in U266 cells and, with the possible exception of sites 3 and 4, in CL01 cells. In DHL16, RAD21 binding was detected at the flanking sites 1 and 6, but binding to the intronic sites 2-5 was reduced or absent.
The relative quantity of H3K4me3 in the promoter and intronic CGIs differs considerably among the normal samples and cell lines: strikingly, the fraction of H3K4me3 found in the intronic CGI is much higher in cells either not expressing BCL6 or expressing it at very low levels (U266, ESCs, and T cells) compared with the expressing cells (Fig. 3) . In addition, among the three samples expressing BCL6, the expression level varies inversely with the degree of intronic H3K4me3. Among the genes we studied, this phenomenon is unique to BCL6, as H3K4me3 showed either no change or an increase in H3K4me3 in samples with higher levels of expression of the other genes examined ( Fig. 1 and Figs. S2 and S3 ).
BCL6 Promoter Interacts with Far Upstream Regions. To determine whether the promoter region interacts with potential enhancers far upstream of BCL6 that are marked with H3K4me1 and other modifications, we used "chromosome conformation capture" (3C) to detect chromatin looping. Formaldehyde-fixed nuclei from several cell lines were digested with EcoRI; fragments were ligated to create novel junctions between fragments brought into proximity by looping; and a primer and probe at the promoter region (the "anchor fragment") and reverse primers at numerous restriction fragments at differing distances from the promoter were used to test for formation of these novel junctions (Fig. 4A) .
Even without looping, generation of novel junctions with neighboring restriction fragments is expected, but at a frequency rapidly declining with distance. Such a drop was found with probes immediately either upstream (5′) or downstream of BCL6, but broad peaks were seen at a greater distance, one centered on ∼60 kb upstream and one extending from ∼150 kb to at least 250 kb upstream of BCL6, the latter corresponding to the broad region of H3K4me1 seen in DHL16 cells near the ABR. Surprisingly, looping was detected not only in cells with high BCL6 expression (DHL16) but also in those with virtually no expression (U266). Looping was found even in CL01, in which the repressive modification H3K27me3 was present throughout the BCL6 and LPP region. Although all three cell lines showed interactions between the promoter and upstream regions, the patterns were different. In particular, fragments close to or containing the ncRNA gene showed greater looping interactions with the BCL6 promoter fragment in DHL16, which expresses the ncRNA, than in the other two cell lines analyzed, in which both genes are silenced. We also designed a primer and probe to detect the interactions of an anchor fragment within the more distant upstream region that showed interaction with the promoter. Using these sequences, we also detected a sharp peak of interaction with the promoter fragment in both DHL16 and U266 cells (Fig. 4B) , and a precipitous drop in interaction was found for fragments 3′ of the promoter fragment.
Discussion
Of the >100 genes we analyzed, those coexpressed in B cells and T cells typically showed broadly similar patterns of histone modifications when comparing our B-cell ChIP-chip data with available T-cell ChIP-Seq data (e.g., Fig. 1A ). For many genes, the height of peaks of H3K4me3 and, especially, H3Ac at the promoter region correlated with gene expression, whereas the presence of K3K27me3 near the promoter region negatively correlated with expression ( Fig. 1 and Figs. S2 and S3). For several of the genes on our custom array, conserved sequences distant from the promoter were bracketed by nucleosomes with histone PTMs that varied in a pattern that correlated with gene expression. For example, several regions downstream of PRDM1 were associated with H3K4me1 in most samples, but H3Ac was considerably increased at these sites in U266 cells, which highly express the gene; additional downstream sites of H3K4me1 and H3Ac were seen only in expressing cells (Fig. 1B) . These downstream sites bound pol II only in the two cell lines expressing PRDM1, but not in DHL16. Some such peaks may neighbor enhancers that interact with, and regulate, promoterbound pol II.
The most dramatic example of marked differences in the pattern of histone PTMs among the samples was in the region of the BCL6 and LPP loci and the intervening sequences. The correlated changes in expression and histone PTMs suggest that BCL6, LPP, and the ncRNA are coregulated. LPP, a component of the actin cytoskeleton, superficially seems unlikely to play a role in regulating the GC program. The protein, however, has been shown to shuttle between the nucleus and the cytoplasm and to act as a coactivator for some ETS family proteins (17) . Targets of miRNAs miR-28-5p and -3p, embedded within LPP, have not been analyzed in detail, but recently miR-28-5p was shown to target the cell cycle inhibitor CDKN1A and thus may enhance proliferation of GC B cells (18) .
Transcription of a ncRNA in the region between BCL6 and LPP is also intriguing. Recent analysis identified >1,000 long ncRNAs (19) ; their expression frequently correlates with that of the closest neighboring gene, which had an increased likelihood of encoding a transcription factor, as is the case here. A recent study showed that at least 38% of 469 long ncRNAs expressed in the cell types examined bound to either PRC2 or CoREST repressive complexes (20) . A human ncRNA, HOTAIR, transcribed from the HOXC cluster, has been shown to bind PRC2 and to repress transcription across 40 kb of the HOXD cluster (21), which lies on a different chromosome. Thus, it will be valuable to determine whether the GC B-cell-specific ncRNA upstream of BCL6 also can repress other loci.
The general loss of activating histone PTMs and gain of H3K27me3 in CL01 cells throughout the BCL6/LPP region were striking. In contrast, regions between BCL6 and LPP showed marked enhancements in H3K4me1, -me3, and, especially H3Ac in centroblasts compared with naive B-cells, corresponding to the expression pattern of BCL6, LPP, and the ncRNA; these changes were even more dramatic in the centroblast cell line DHL16. We hypothesize that these regions contain multiple powerful enhancers activated in centroblasts that stimulate the the BCL6 promoter and overcome the strong autorepression by BCL6 protein.
Supporting this model, 3C identified interactions between the BCL6 promoter region and these far upstream regions. Several genes have been shown to be regulated by enhancers at great distances (22) (23) (24) . In many cases, these long-range interactions are cell specific, but in others they are found even in cells not expressing the genes. For example, the promoters of the coregulated T H 2 cytokine genes IL4, IL5, and IL13 interact with each other even in fibroblasts, but the locus control region for these genes participates in these interactions in CD4 + T cells and natural killer cells, but not in fibroblasts or B cells (25 that the ncRNA gene lies within a region that interacts with the BCL6 promoter helps to explain the possible coregulation of the two genes. Our 3C data demonstrate that at least some of the looping within this large region is present even in cells that do not express BCL6 or LPP. The preexistence of looping in cells before activation of upstream enhancers would be expected to allow BCL6 to respond rapidly to developmental signals. In many cases, the protein CTCF participates in long-distance interactions (26) by recruiting the cohesin complex (27) , which forms a ring that entraps pairs of DNA molecules (28) . BCL6 is unusual in having four clustered CTCF sites within its first intron, in addition to upstream and downstream sites. All of the BCL6 CTCF sites are conserved (Fig. S9 ) and match CTCF consensus sequences. CTCF binds these sites not only in B cells, but also in T cells and fibroblasts (9, 29) . The association of the cohesin component RAD21 with the CTCF sites suggests that they are involved in some form of looping, which is likely to influence looping between the BCL6 promoter and the upstream interacting regions that we have identified. Because the pattern of RAD21 binding varies among the three cell lines tested (Fig.  S8) , it is likely that the pattern of looping varies as well.
BCL6 contains two large CGIs, one overlapping the promoter and one within the first intron (Fig. 3) . A feature of most CGIs is that their CpGs lack cytosine methylation in all tissues irrespective of the activity of the associated gene. Recent genomewide "methylome" analysis in a human ESC line and a fibroblast line (15) showed that both BCL6 CGIs were largely unmethylated (Fig. 3) ; a recent analysis of DNA methylation that included much of both of these regions also showed methylation to be absent in all tissues tested (16) . There is a strong but partial association between unmethylated CGIs and other undermethylated regions (UMRs) both with TSSs and with histone H3K4me3 (16, 30) . Thus, the pattern of H3K4me3 found at BCL6 in ES cells is likely to be the default condition based in part upon the high frequency of CpGs in the region. Given the association between H3K4me3 and gene transcription, it was surprising that H3K4me3 within the intronic CGI is highest in nonexpressing cells. This raises the possibility that H3K4me3 at the intronic CGI actually interferes with promoter activity. This pattern of H3K4me3 is reminiscent of the recent identification of at least 50 genes in which an internal UMR is methylated exclusively in the cell type in which the gene is expressed (16) . Evidence was provided that in many cases the UMR contains the promoter for an antisense transcript, which was proposed to interfere with activity of the promoter of the gene in which it is embedded. In an analogous model, antisense transcription initiated from the intronic CGI would interfere with the true BCL6 promoter. As evidence for this possibility, analysis of nascent RNA in IMR90 fibroblasts (31) identified 33 antisense reads within the BCL6 first intron, but none elsewhere within the gene. Alternatively, the intronic CGI might compete with the promoter for interaction with enhancers, either elsewhere in the first intron, upstream of the promoter, or in the far distal regions we have found by 3C to interact with the promoter.
A number of possibilities may explain the relative loss of H3K4me3 in the BCL6 intronic CGI in centroblasts. For example, the intronic CGI DNA may be methylated only in centroblasts; however, immunoprecipitation with antimethyldeoxycytosine antibodies failed to show DNA methylation in DHL16, despite the ready detection of DNA methylation in CL01 throughout both BCL6 CGIs, including the promoter region (Fig. S4 ). An intriguing alternative possibility is that BCL6 itself may bind this region and lead to reduction in H3K4me3. In this regard, it is interesting that BCOR, a BCL6 corepressor, associates with FBXL10, a H3K4me3 demethylase (32, 33) . The BCL6 promoter region and intron 1 contain seven conserved predicted BCL6 binding sites (Fig. 3) . ChIP-on-chip analysis of the BCL6 gene in a GC B-cell lymphoma using antibodies to BCL6 (34) showed not only a peak at the promoter, but also an additional, strong peak centered ∼6 kb from the TSS within the first intron, at which a high-affinity BCL6 binding site is predicted (Fig. 3) . Thus, BCL6 protein may have both negative and positive effects on its own transcription, the latter through inactivating a region that interferes with promoter activity.
Because some activating (H3K4me3) and repressive (e.g., H3K27me3) histone PTMs are heritable, alterations in these PTMs following DNA damage or chance errors may persist in subsequent cell generations as "epimutations," which potentially could affect genes at a considerable distance. We suspect that both the tightly repressed pattern in CL01 cells and the abnormally active pattern in DHL16 cells represent epimutations that prevent differentiation into centroblasts or block exit from the centroblast stage. It will be of interest to test primary tumor samples to determine whether epimutations commonly affect master regulators of differentation in lymphoma cells, blocking differentiation.
Materials and Methods
Primary Cells and Cell Lines. Naive B cells and centroblasts were purified as previously described (35) ChIP. For analysis of histone modifications, native ChIP was performed following micrococcal nuclease digestion of chromatin from 20 × 10 6 cells to obtain mononucleosomes as described previously (9), with a few modifications. For other ChIP experiments, cells were cross-linked with formaldehyde (1% final concentration). Chromatin was solubilized by sonication, resulting in DNA of 200-400 bp. For each ChIP, chromatin was incubated with protein A Dynabeads (Dynal Biotech) bearing 4 μg prebound specific antibody. ChIP-validated antibodies were as follows: anti-H3-K9,K14-diacetyl and anti-H3K27me3 from Upstate (06-599 and 07-449); anti-H3K4me1, antiH3K4me3, anti-polII, and anti-RAD21 from Abcam (Ab8895, Ab8580, Ab5408, and Ab992); and anti-CTCF from Millipore (07-729). ChIP DNA enrichment was validated by real-time PCR. For ChIP-on-chip, input and ChIP DNA samples were amplified by ligation-mediated PCR as described previously (36) with a few modifications. Amplified DNA labeled with Cy5 (ChIP products) and Cy3 (input) was cohybridized by the NimbleGen service laboratory to a custom 387,981-feature oligonucleotide chip (NimbleGen Systems), tiling portions of >100 genes (Table S1 ). Details on ChIP, ChIP-on-chip, and data manipulation are reported in SI Materials and Methods. The data discussed in this publication have been deposited in the Gene Expression Omnibus (GEO; National Center for Biotechnology Information) and are accessible through GEO Series accession no. GSE19910 (http://www.ncbi.nlm. nih.gov/geo/query/acc.cgi?token=fjqpjwmuiiekezm&acc=GSE19910).
Gene Expression Profiling. RNA was isolated using the All Prep DNA/RNA mini kit (Qiagen) and processed with the Genechip 3′IVT express kit (Affymetrix). Gene expression profiling experiments were performed on GeneChip HG U133 plus 2 arrays (Affymetrix) according to the manufacturer's instructions. miRNA expression profiling was conducted using the TaqMan human microRNA array set v2.0 with 300 ng total RNA, which was reversed transcripted with Megaplex RT Primers and preamplified using Megaplex PreAmp Primers. Real-time PCR was run on an Applied Biosystems 7900HT Fast Real-Time PCR System in 384-well plates. Data were normalized to U6 small nuclear RNA.
3C. The 3C experiments were performed as described (37) , with a few modifications; additional controls for the analysis and quantification of the 3C were included as described (38) . A total of 10 × 10 6 cells were formaldehyde crosslinked and digested with EcoRI (New England Biolabs). After enzyme inactivation, novel junctions resulting from chromatin looping were generated by DNA ligation and quantified by real-time PCR using Taqman probes and primers (Table S2) Chromatin Immunoprecipitation (ChIP). For analysis of histone modifications, native ChIP without formaldehyde cross-linking was performed following micrococcal nuclease digestion of the chromatin to obtain mononucleosomes as described previously (2), with a few modifications. Briefly, 20 × 10 6 cells were lysed in 1 mL buffer (50 mM Tris-HCl, pH 7.6, 1mM CaCl 2 , 0.2% Triton X-100, 5 mM sodium butyrate, 0.5 mM PMSF) + 20 μL Protease Inhibitor mixture (Sigma-Aldrich) on ice and digested with 1 unit micrococcal nuclease (Sigma-Aldrich) in the same buffer at 37°C for 6 min. The reaction was stopped by addition of Tris-HCl, pH 7.6, and EDTA to final concentrations of 10 and 5 mM, respectively. The cell lysate was sonicated (6 pulses of intensity 3; pulse on 20 s, off 2 min) using a Fisher F550 Sonic Dismembrator. The chromatin was then dialyzed into RIPA buffer (10 mM Tris, pH 7.6, 1 mM EDTA, 0.1% SDS, 0.1% sodium deoxycholate, 1% Triton X-100) for 2 h at 4°C. Ten percent of the dialysate was saved as input. For analysis of pol II binding, 100 × 10 6 cells were cross-linked with formaldehyde (1% final concentration) for 10 min and then quenched with glycine (0.125 M final concentration). The cells were washed with ice-cold PBS and lysed in 5 mL of lysate buffer (1% SDS, 10 mM EDTA, 50 mM Tris HCl, pH 8.1, 1 mM PMSF) on ice for 10 min. Chromatin was solubilized by sonication (15 pulses of intensity 5; pulse on 30 s, off 1 min), resulting in DNA of 200-400 bp. The chromatin was then dialyzed overnight into RIPA buffer at 4°C. Chromatin equivalent to 20 × 10 6 cells was used for one ChIP experiment and 10% of it was saved as input. ChIP was performed overnight at 4°C using protein A Dynabeads (Dynal Biotech) to which 4 μg specific antibody had been bound. The beads containing antibody-chromatin complexes were successively washed with RIPA buffer, high-salt RIPA buffer (10 mM Tris, pH 7.6, 1 mM EDTA, 0.1% SDS, 0.1% sodium deoxycholate, 1% Triton X-100, 300 mM NaCl), lithium chloride buffer (0.25 M LiCl, 0.5% Nonidet P-40, 0.5% sodium deoxycholate), TE + 0.2% Triton X-100, and TE buffer. The DNA was eluted by incubation of the beads at 65°C in the presence of SDS and proteinase K (Roche Diagnostics). The ChIP DNA was validated for enrichment by real-time quantitative-PCR amplification (primer sequences shown in SI Text), and the input and ChIP DNA samples were later amplified.
CTCF and RAD21 ChIP. Cells were cross-linked with 1% formaldehyde for 10 min and then lysed and sonicated in a Bioruptor (Diagenode) for 20 min, 30 s on and 30 s off in 10 mM Tris-HCl, pH 7.6, 1 mM EDTA, 0.1% SDS, protease inhibitor mixture (1 μL per 10 6 cells; Sigma; P-8340), and 1 mM PMSF. The lysate was cleared by centrifugation, and NaCl (150 mM), Na deoxycholate (0.1%), and Triton X-100 (1%) were added to the lysate to make RIPA buffer. A fraction of the lysate was saved as the input DNA, and lysate from 10 million cells was used per IP. Protein:DNA complexes were IP'd overnight with protein G Dynabeads (Invitrogen; 100-03D) coupled to 4 μg of Rabbit IgG control (Santa Cruz Biotechnology; SC-2027), anti-CTCF (Millipore; 07-729), or anti-RAD21 (Abcam; ab992) antibody. Antibody-bound complexes were washed three times in RIPA buffer, one time with LiCl buffer (10 mM Tris-HCl, pH 8, 250 mM LiCl, 1% Nonidet P-40, 1mM EDTA), and one time with TE. Beads bound to protein:DNA complexes were resuspended in 100 μL proteinase K digestion buffer (10 mM Tris-HCl, pH 8, 5 mM EDTA, 0.5% SDS) and 10 μg of proteinase K. The input sample was diluted 1:10 with proteinase K digestion buffer, and 25 μg proteinase K was added. The IPs and input samples were incubated overnight at 65°C. The input sample was treated 1 h with 10 μg RNase A. DNA was purified by phenol-chloroform extraction followed by ethanol precipitation. Primers amplifying regions of BCL6 containing or lacking CTCF binding sites were designed using Vector NTI software, and SYBR Green real-time PCR (DNA engine Opticon 2; MJ Research) was used to analyze the input and IP samples.
Methylated DNA Immunoprecipitation (MeDIP). MeDIP was performed as described (3) . Briefly, isolated genomic DNA was sonicated to a size ranging from 150 to 250 bp and denatured. From this single-stranded DNA, methylated DNA was isolated using mouse anti-human-5-methylcytidine antibody (Eurogentec; BI-MECY-1000), and the DNA-antibody complexes were pulled down using sheep anti-mouse IgG dynabeads (Dynal Biotec). Enrichment for methylated DNA was tested using quantitative PCR with primers for BCL6, for IRF4, and for constitutively unmethylated and methylated regions (Table S2 ).
ChIP DNA Amplification by Ligation-Mediated PCR. The ChIP DNA was amplified as described previously (4) with a few modifications. After ChIP, DNA was repaired using the DNA End Repair Kit (Epicentre Biotechnologies). dATP was added to the 3′ ends of ChIP DNA by incubating with dATP and Taq DNA polymerase (New England Biolabs) at 70°C for 30 min. The ChIP DNA was then ligated to unidirectional adaptors with T4 DNA ligase (New England Biolabs) at 16°C overnight. The sequences of the oligonucleotides used as adaptors are as follows: Adaptor 3a forward, 5′-TCGGTAACGACTCACTTGGGTTCCT-3′, and reverse, 5′-PO 4 -GGAACCCAAGTG-3′; Adaptor 3b forward, 5′-TGGCAA-TTCCCTCACTAAAGGGCT-3′, and reverse, 5′-PO 4 -GCCCT-TTAGTGA-3′. The ChIP DNA was then amplified by PCR using the following protocol: one cycle of 55°C for 2 min, 72°C for 5 min, 95°C for 2 min; 30-35 rounds of amplification at 95°C for 0.5 min, 55°C for 0.5 min, and 72°C for 1 min; and final extension at 72°C for 4 min. The resulting PCR-amplified ChIP DNA was purified using a PCR purification kit (Qiagen) and validated for enrichment by real-time PCR to verify that the enrichment ratios were retained. The ChIP DNA was then hybridized to a custom oligonucleotide chip (NimbleGen Systems).
ChIP-on-Chip. NimbleGen designed a custom array with 387,981 45-to 55-mer oligonucleotides tiling portions of >100 genes, chosen on the basis of their likely role in B-cell differentiation (Table S1 ). We included as little as 10 kb surrounding the promoter for some genes, several hundred kilobases for others, and, for a few, only evolutionarily conserved portions of large regions. The region to be included was based partly on the genome-wide data available from T cells (2), on the distance to neighboring genes, and on the extent of evolutionary conservation in distant regions. Probes average 50 nt in size and overlap adjacent probes by 25 nt. Reverse strands were also tiled on the chip but displaced by 12-13 nt. A custom algorithm was used to eliminate oligonucleotides from repetitive elements likely to crosshybridize. The amplified DNA was labeled with Cy5 (for ChIP products) and Cy3 (for input) and cohybridized to the NimbleGen custom array by the NimbleGen service laboratory. The enrichment for each promoter was calculated by computing the log ratio between the probe intensities of the ChIP product and input chromatin. The data were initially visualized using Signalmap software (NimbleGen).
ChIP-on-Chip Data Processing and Presentation. Before averaging the data, we adjusted the data to decrease the effect of the small fraction of values that were very different from neighboring values and thus were likely to be erroneous. An approach was chosen empirically that slightly smoothed most values, but brought outliers sharply closer to the local average value. For the ith log ratio value y i for the probe centered on base pair x i , a weighted average z i of the neighboring values was calculated, as z i ¼ ∑ Finally, each sample dataset was normalized to correct for sample-to-sample variation in the degree of enrichment by ChIP. The approach used was based on the notion that for many of the histone modifications, the highest values correspond to nucleosomes that almost all contain the modification. Thus, the very highest values were normalized to similar values for each dataset; because the top values in many cases were dramatic outliers, we compromised by normalizing using b, the smallest value within the top 0.1% of all adjusted values y * i within each dataset as well as a, the median value. The normalized value b various calculations were performed in Microsoft Excel, and graphs were also created in Excel, but further manipulated using Adobe Illustrator.
Chromosome Conformation Capture (3C). The 3C experiments were performed as described (5), with a few noted modifications; several controls for the analysis and quantification of the 3C were included as described (6) . Ten million cells were cross-linked with 1% formaldehyde for 10 min. Cells were lysed by dounce homogenizing in 3C lysis buffer [10 mM Tris-HCl, pH 7.5, 10 mM NaCl, 0.2% Nonidet P-40, 1× protease inhibitor mixture (Sigma; P-8340)]. Nuclei were pelleted, washed with 1× EcoRI buffer (New England Biolabs), resuspended in 724 μL 1× EcoRI buffer, and split into two 1.5-mL microfuge tubes. SDS was added to a 0.1% final concentration and incubated at 65°C for 10 min. Triton X-100 was added to a 1% final concentration, and 10 μL of sample was removed and saved as the undigested control. Samples were digested with 400 units of EcoRI (New England Biolabs), rotating overnight at 37°C. The enzyme was inactivated by incubation at 65°C for 25 min. Ten microliters of the sample was removed and saved as the digested control. Ligation was performed in a 900-μL volume of 1× T4 ligase buffer with 3,000 units of T4 DNA ligase (New England Biolabs) for 6 h at 16°C. 3C samples were treated with 500 μg of proteinase K overnight at 65°C. Two hundred fifty microliters of proteinase K digestion buffer (10 mM Tris-HCl, pH 8, 5 mM EDTA, 0.5% SDS) and 20 μg of protease K were added to the digested and undigested control samples. The experimental and digestion control samples were incubated at 65°C overnight. 3C and the digestion control samples were treated with 200 or 2 μg of RNase A, respectively at 37°C for 1 h. Proteinase K was again added to the samples, and they were incubated 2 h at 42°C. DNA was purified by phenolchloroform extraction followed by ethanol precipitation. Digestion efficiency was analyzed by SYBR Green real-time PCR (DNA engine Opticon 2; MJ Research), using several sets of primers spanning EcoRI digestion sites and a control primer set not containing an EcoRI site. The DNA concentration for each 3C sample was assessed by SYBR Green real-time PCR, using a primer set in GAPDH and comparing the samples to genomic DNA of known concentration. Taqman probes and primers used to assess 3C products were designed using Primer Express 3.0, and a standard curve was generated for each primer set using a 1:1:1 mixture of three BACs (RP11-211G3, CTD-2522K3, and CTD-2284M17) encompassing the BCL6 locus, which had been digested with EcoRI and then ligated to form random products. Fifty-four nanograms of 3C ligation product DNA was used for each real-time PCR. All 3C samples were internally normalized for cross-linking efficiency to a probe and primer set for a ligation product in the EEF1G locus. . Representative ChIP data in DHL16, CL01, and U266 cells using antibodies to CTCF and cohesin subunit RAD21. PCR primers yield products spanning each of the CTCF sites and control sites roughly equidistant between CTCF sites. The PCDHA1 site serves as a negative control. Because CTCF sites 2-5 are spaced at ∼1-kb intervals, the products detected from the intervening control sites may have resulted from larger sonication fragments that also include a neighboring CTCF site. Bars represent SEM of three PCR reactions each for input and ChIP DNA ,combining variances using standard formulas for propagation of error. Data are representative of two replicate ChIP experiments for each antibody and each cell line. G C C C C G T G G G G G C G C T 
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CTCF-3 (188941510-529) Fig. S9 . Sequence conservation of CTCF sites 1-6 in mammals. Regions (∼100 bp) corresponding to the six CTCF binding peaks found within or neighboring BCL6 in T cells (2) were analyzed using an online "CTCFBS Prediction Tool" (http://insulatordb.utmem.edu/) (3), which analyzes matches to four closely related position weight matrices (PWMs) for CTCF. For all but CTCF-5, one or more PWMs provided a high score for a 19-to 20-bp sequence within the ∼100 bp analyzed. Analysis of the homologous mouse CTCF-5 sequences yielded a high score for the sequence shown. Alignment was performed using ClustalW. In most cases in which sequence data for a given species are not shown, this omission is due to gaps in the available genome build. Note that human CTCF sites 2-5, within the intronic CGI, share a CG dinucleotide at nucleotide positions 5 and 6. The cytosine at position 5 is one of the most invariant nucleotides in the CTCF consensus, and its methylation would be expected to decrease binding affinity. Other Supporting Information Files Table S1 (DOC)  Table S2 (DOC) 
